Predicted bond length variation in wurtzite and zinc-blende InGaN and AlGaN alloys
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Valence force field simulations utilizing large supercells are used to investigate the bond lengths in wurtzite and zinc-blende In x Ga 1Ϫx N and Al x Ga 1Ϫx N random alloys. We find that ͑i͒ while the first-neighbor cation-anion shell is split into two distinct values in both wurtzite and zinc-blende alloys (R GaϪN 1 R InϪN 1 ), the second-neighbor cation-anion bonds are equal (R GaϪN 2 ϭR InϪN 2 ). ͑ii͒ The second-neighbor cation-anion bonds exhibit a crucial difference between wurtzite and zinc-blende binary structures: in wurtzite we find two bond distances which differ in length by 13% while in the zinc-blende structure there is only one bond length. This splitting is preserved in the alloy, and acts as a fingerprint, distinguishing the wurtzite from the zinc-blende structure. ͑iii͒ The small splitting of the first-neighbor cation-anion bonds in the wurtzite structure due to nonideal c/a ratio is preserved in the alloy, but is obscured by the bond length broadening. ͑iv͒ The cation-cation bond lengths exhibit three distinct values in the alloy ͑Ga-Ga, Ga-In, and In-In͒, while the anion-anion bonds are split into two values corresponding to N-Ga-N and N-In-N. ͑v͒ The cation-related splitting of the bonds and alloy broadening are considerably larger in InGaN alloy than in AlGaN alloy due to larger mismatch between the binary compounds. ͑vi͒ The calculated first-neighbor cation-anion and cation-cation bond lengths in In x Ga 1Ϫx N alloy are in good agreement with the available experimental data. The remaining bond lengths are provided as predictions. In particular, the predicted splitting for the second-neighbor cation-anion bonds in the wurtzite structure awaits experimental testing. © 1999 American Institute of Physics.
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I. INTRODUCTION
The lattice constant a(x) of an isovalent A x B 1Ϫx C semiconductor alloy, formed by constituents AC and BC, is known 1 to closely follow the composition-weighted average between the binary endpoints ͑Vegard's rule͒. In contrast, the nearest-neighbor bond lengths, R AϪC (x) and R BϪC (x) exhibit, in general, distinct values, resembling more their values in the individual binary constituents AC and BC rather than an average value corresponding to the virtual-crystal limit. [2] [3] [4] [5] For alloys made of zinc-blende ͑ZB͒ constituents this has been explained theoretically using atomistic relaxation models. [3] [4] [5] [6] [7] [8] For the alloys made of wurtzite ͑W͒ constituents, such as the III-V nitride alloys ͑InGaN, AlGaN, etc.͒, only very recent theoretical predictions 9 and experimental measurements 10 of the bond lengths have become available. The ground state of bulk-grown AlN, GaN, and InN is the W structure.
11-13
However, epitaxial stabilization 14 of ZB phase is possible. 11, 12 There are two significant, ͑and often overlooked͒ structural differences between the bond distances in ZB and W structures of binary compounds:
͑i͒ The ZB structure has only one type of first-neighbor distance
where a zb denotes the ZB lattice parameter, yet the W structure has two types of first-neighbor anion-cation bond distances ͑see Fig. 1͒ : . We note that this is much larger than the splitting in the first-neighbor shell ͓Eq. ͑2͔͒.
In this article we explore the consequences of these differences between the ZB and W topologies in the pure constituents on the bond lengths in In x Ga 1Ϫx N and Al x Ga 1Ϫx N random alloys. The questions we ask in particular are whether the alloy environment acts to preserve or eliminate the distinction between ͑a͒ split bonds R AϪC 1a 
II. METHODS
To find the relaxed atomic positions we have used the valence force field ͑VFF͒ method, 6, 15, 16 where the total strain energy is expressed as a function of atomic positions, ͕R i ͖, using a sum of bond stretching (V 2 ) and bond bending (V 3 ) terms:
Here, d i j 0 denotes the unstrained bond length between atoms i and j, and 0 is the unstrained bond angle, and cos 0 ϭϪ1/3. The bond stretching ͑␣͒ and bond bending ͑␤͒ force constants, derived from first-principles calculations, 17 are given in Table I . Also given in Table I are the input ideal bond lengths (d 0 ). In the alloys, we use the arithmetic mean for the bond bending ͑␤͒ force constants for bond angle formed by atoms of mixed species ͑e.g., In-N-Ga͒. All the other parameters are kept at their binary values.
We describe the random alloy by large supercells with random occupation of the cation sites ͑thus, short-range order is neglected͒. In the W structure the supercell size was 1280 atoms (8ϫ8ϫ5 unit cells, the last dimension corresponding to the c axis͒, and in the ZB structure we used a simple cubic 512 atom supercell. Using different supercell sizes we have tested that our supercells give robust bond length distributions. The atomic relaxation was performed using the Fletcher-Reeves-Polak-Ribiere minimization algorithm. 18 The lattice constants for the binary compounds are chosen to be consistent with the d 0 values. In the alloy systems the choice of the lattice constant a(x) requires further consideration. If the supercell volume ͑or lattice parameter͒ is given as an additional degree of freedom to be minimized during the relaxation, our VFF method results in a small downward bowing of the lattice parameter a(x) from the linear interpolation ā (x) between the binary endpoints ͑Vegard's rule͒. In the zinc-blende In x Ga 1Ϫx N systems the calculated shift 6 gives ␦(xϭ0.5)ϭϪ0.21%. Thus for this material VFF exaggerates the measured ␦(x). We are not aware of any experimental data indicating how closely the lattice constant follows Vegard's law in InGaN and AlGaN alloys. Therefore we have decided to perform the calculations in two ways: ͑i͒ keeping the lattice constant ͑outer dimension of supercell͒ fixed to value predicted by Vegard's rule, and ͑ii͒ also relaxing the lattice constant during the minimization procedure. We present the detailed analysis of the bond lengths obtained using the two methods in Secs. III A for the ZB InGaN alloy ͑in AlGaN alloy the small lattice mismatch makes the deviation from Vegard's law much smaller and is therefore not considered͒. The results show that the difference in all of the investigated bond lengths obtained by methods ͑i͒ and ͑ii͒ simply correspond to scaling of the calculated bond lengths by the change ␦(x) of Eq. ͑7͒.
In order to investigate the effect of deviations from perfect tetrahedral geometry in the W structure, we have separated the ideal VFF bond length into two values labeled d ͉͉ ͑A͒ We assume an ideal c/a axial ratio ͑equal to ͱ8/3) and an ideal cell internal parameter u ͑equal to 3/8͒, and thus d ͉͉ 0 ϭd Ќ 0 . This corresponds to conserving perfect tetrahedral geometry in the W structure.
͑B͒ We assume a nonideal c/a ratio and u based on the available experimental and first-principles values, 13 Table II . We note that the weighted average ͑one d ͉͉ 0 bond, three d Ќ 0 bonds͒ yields 1.952 ͑2.148͒ Å for the Ga-N ͑In-N͒ bond with method ͑B͒, which is slightly larger ͑smaller͒ than 1.949 ͑2.156͒ Å for the ideal c/a ͓method ͑A͔͒. Based on this, for the Ga-N bond we expect a small average expansion when moving from the ideal to nonideal c/a structure, while the In-N bond is expected to contract with a slightly larger magnitude than the Ga-N expands. The remaining VFF parameters are kept at the values shown in Table I . In the alloy systems we assume a composition weighted c/a ratio between the two binary values. In Sec. III B we use both methods ͑A͒ and ͑B͒ to study in detail R AϪC 1a w and R AϪC 1b w bonds in the W In 0.50 Ga 0.50 N alloy. The results indicate only marginal difference between the bond lengths given by two methods in the alloy environment. Therefore, in the remaining calculations involving longer bonds we proceed only with approach ͑A͒ assuming perfect tetrahedral geometry for the W structure.
III. BOND LENGTHS IN In x Ga 1؊x N ALLOYS
A. Fixed vs relaxed lattice constant
As described in Sec. II, the applied VFF method predicts slightly deviating lattice parameter values from Vegard's law ͑linear interpolation between binary endpoints͒ for the In x Ga 1Ϫx N alloy systems. To quantify how the change in the lattice parameter is propagated into bond lengths, Table III shows bond lengths calculated using three methods: ͑V͒ keeping the lattice parameter fixed to the value given by Vegard's law and relaxing only the atomic positions, ͑R͒ relaxing both the atomic positions and lattice parameter, and ͑S͒ scaling the values obtained with method V by the con- traction in lattice parameter ␦(x) ͓Eq. ͑7͔͒. We see that the bond lengths obtained using method S reproduce very accurately the bonds with method R ͑the differences occur in the fourth decimal͒. In other words, the ratio between the bond lengths in calculations V and R is the same as the ratio between the lattice parameters in the two calculations. This indicates that allowing the lattice constant to relax does not lead to significant structural changes in the system but the change is directly propagated into bond lengths and the relative lengths of different bonds remain the same. Therefore, in the following we will use Vegard's rule to extract bond length values. To account for deviation from Vegard's rule, all bond lengths in Table IV can be multiplied by ␦(x) of Eq. bonds is preserved in the alloy environment, but simultaneously becomes obscured due to the statistical bond length broadening.
͑7͒.
B. First-neighbor cation-anion bonds
We further note that the R AϪC 1 peak positions do not coincide between Figs. 2͑a͒ and 2͑b͒. The calculated average peak positions for the ideal ͑nonideal͒ c/a ratio are R Ga-N 1 ϭ1.973 (1.974) Å and R In-N 1 ϭ2.141 (2.132)Å, respectively. These differences can be understood as a consequence of the ideal ͑VFF͒ bond lengths assumed in methods ͑A͒ and TABLE III. Comparison of the relaxed bond lengths ͑in angstroms͒ in zinc-blende In x Ga 1Ϫx N alloy as calculated using three methods: ͑V͒ Relaxing atomic positions while keeping the lattice parameter fixed to the value given by Vegard's rule, ͑R͒ relaxing the lattice parameter in addition to atomic positions, and ͑S͒ like V but scaling the bond lengths by the change ␦(x) in lattice parameter. ␦(x) equals Ϫ0.39% for xϭ0.50, and Ϫ0.30% for xϭ0.25 or 0.75. ͑B͒ ͑Sec. II͒: for the Ga-N bond we see a small average expansion as expected based on the minor increase in the ideal Ga-N bonds when moving from ideal to nonideal c/a ratio. For In-N, the corresponding contraction is slightly larger due to the larger deviation of the c/a ratio from the ideal value in the InN binary.
C. First-neighbor cation-anion bonds: R A؊C 1 vs R B؊C 1
Consistent with the results by Bellaiche et al. 9 we note in Fig. 2 Table IV͒ . Since we are considering In 0.5 Ga 0.5 N, both first-neighbor peaks include the same amount of bonds ͑same integrated area͒. However, the In-N 1 peak is higher and narrower than the one for Ga-N 1 , indicating a sharper distribution of the longer In-N 1 bonds than of the shorter Ga-N 1 bonds. This can be seen more clearly in Fig. 2 due to the higher resolution. We associate this with the smaller bond-bending force constant ␤ ͑see Table I͒ for InN than for GaN: a small value for ␤ means that less penalty is given for bond angles deviating from the ideal values and therefore the bond length can obtain a value closer to the ideal one ͑narrower distribution͒.
The second column of Table IV compares the firstneighbor cation-anion bond lengths at several compositions for W and ZB In x Ga 1Ϫx N alloy. Comparison between the calculated values reveals identical bonds in W and ZB structures at all compositions. Table IV also gives the experimental data points measured by the total electron yield extended x-ray absorption fine structure ͑TEY EXAFS͒ technique for samples grown using molecular beam epitaxy ͑MBE͒. 10 The samples appear not to exhibit either pure W or ZB structure, but contain amorphous parts in addition to the crystalline regions. 10 The calculated and experimental values are illustrated graphically in Fig. 4͑a͒ as a For second-neighbor cation-anion bonds we expect the significant difference between W and ZB forms as described in Eqs. ͑3͒ and ͑5͒. Indeed, Fig. 3͑a͒ clearly shows that in the W structure we find two peaks corresponding to R AϪC 2a ͑in-dicated by arrow͒ and R AϪC 2b,c , while in the ZB structure there is only one peak. The peak corresponding to R AϪC 2a is much weaker than the dominant peak R AϪC 2b,c due to 1:10 ratio between these types of bonds in the W structure ͓see Eq. ͑4͔͒. Therefore it might be overlooked in experiments with finite resolution or may be incorrectly assigned to an alloy-broadened part of the second-neighbor bonds. However, as Eq. ͑4͒ shows, the existence of a split secondneighbor cation-anion bond is an intrinsic property of the W structure, and already exists in pure compounds, irrespective of c/a and u.
E. Second-neighbor cation-anion bonds: R A؊C 2 vs R B؊C 2
Figures 3͑a͒ and 3͑b͒ show that the R Ga-N 2 and R In-N 2 distances have nearly identical ͑cation independent͒ values in both W and ZB structures. This is in contrast with the firstneighbor distances R Ga-N 1 and R In-N 1 exhibiting distinct values. Rather, the effect of the alloy environment can be seen in the widths of the peaks which are much broader than for the peaks corresponding to first-neighbor cation-anion distances.
The distinction between first-and second-neighbor cation-bonds can be understood by considering the relative cation and anion displacements during alloy relaxation: to first order, cations ͑Ga and In͒ remain at their ideal fcclattice positions while anions ͑N͒ are displaced from their ideal sublattice sites in order to accommodate the nearestneighbor bond lengths. 2 However, the average anion position stays ideal. Therefore, the R Ga-N 2 and R In-N 2 exhibit nearly an equal value which coincides with the value in unrelaxed alloy.
The third and fourth columns in Table IV show the second-neighbor cation-anion bond lengths for the investigated In x Ga 1Ϫx N alloy compositions. These values are graphically presented in Fig. 4͑b͒ for the W structure. We again note the splitting between the R AϪC 2a w and R AϪC 2b w bonds, as well as the almost negligible cation dependence of the bond lengths. It is also evident that these secondneighbor cation-anion bonds have a stronger dependence on the alloy composition than the nearest-neighbor bonds R Ga-N 1 and R In-N 1 . Currently, there are no experimental data available for the second-neighbor cation-anion bonds and the values in Table IV and Fig. 4͑b͒ are offered as prediction.
F. Cation-cation and anion-anion bonds
The Ga-Ga, Ga-In, and In-In bonds shown in Fig. 3 exhibit three distinct values: the smallest distance is found for the Ga-Ga bond while In-In is the largest, and Ga-In between the two extremes. These three values are explained by the differing atomic radii of the cations. Both W and ZB structures exhibit nearly the same cation-cation bond lengths as shown in the fifth column in Table IV. The comparison  between the calculated and experimental 10 values in Fig. 4͑c͒ indicates good agreement. We also note that the dependence on the alloy composition for the cation-cation bonds is significantly larger than for the nearest-neighbor bonds in Fig.  4͑a͒ .
In the N-N bond distribution ͑Fig. 3͒ we see two distinct peaks. The origin of these peaks is the chemical identity of the intermediate cation: the shorter N-N bond corresponds to N-Ga-N configuration and the longer one to N-In-N configuration. The sixth column in Table IV small differences between the anion-anion bond lengths between W and ZB alloys. The graphical illustration in Fig.  4͑d͒ indicates again a linear dependence of the anion-anion bond lengths of the W alloy composition, with a slope similar to second-neighbor cation-anion bonds ͓Fig. 4͑b͔͒.
We note that qualitatively similar behavior of cationcation and anion-anion bonds ͑slopes, splitting of the anion-anion bonds͒ has been observed in zinc-blende InGaAs alloys. 5, 8, 19 
IV. BOND LENGTHS IN Al x Ga 1؊x N ALLOY
The bond length distribution for W Al 0.5 Ga 0.5 N alloy is shown in Fig. 5 . In comparison with In 0.5 Ga 0.5 N ͑Fig. 3͒ we note that the distribution peaks are much sharper, as expected based on the smaller lattice mismatch between AlN and GaN alloys. Also, the splitting between, e.g., R Ga-N 1 and R Al-N 1 is much smaller than in In 0.5 Ga 0.5 N. Otherwise, Al 0.5 Ga 0.5 N alloy qualitatively reproduces all the essential features predicted for In 0.5 Ga 0.5 N above. Table V shows the predicted bond lengths for Al x Ga 1Ϫx N alloy for xϭ0,0.5,1. We see that due to smaller lattice mismatch between AlN and GaN than InN and GaN the bond length dependence on the alloy composition is much smaller than in InGaN.
V. CONCLUSION
We have investigated the bond lengths in W and ZB InGaN and AlGaN alloys using the VFF simulations and large (512-1280 atom͒ supercells.
Our results show that while the first-neighbor cationanion bonds for different cations (R AϪC 1 and R BϪC 1 ) retain distinct values in the studied W and ZB alloys, the secondneighbor cation-anion bonds R AϪC 2 and R BϪC 2 merge into a single bond length. However, the second-neighbor cationanion bonds for the same cation exhibit a crucial difference between W and ZB structures: in W we find two bond distances which differ in length by about 13% while in the ZB structure there is only one bond length. This is an intrinsic property of the binary constituents and persists in the alloys. Also, the small splitting of the first-neighbor cation-anion bonds in the W structure is preserved in the alloy, but obscured by the bond length broadening. The calculated cation-cation and anion-anion bond lengths are shown to exhibit almost identical values in the W and ZB structures. The cation-cation bonds exhibit three distinct values corresponding to A-A, A-B, and B-B bonds. The anion-anion bonds are split into two principal cation-dependent values (C -A -C and C-A-C) . For all the studied bond lengths we predict a nearly linear dependence on alloy composition. The bond length broadening and dependence on the alloy concentration is found to be much larger in InGaN alloy than in AlGaN alloy due to larger lattice mismatch between the constituents.
For InGaN the predicted results are in good agreement with the experimental data 10 w are predicted to be clearly split in the W alloys; ͑ii͒ the first-neighbor anion-anion distance is predicted to be split into two values originating from the C-A-C and C-B-C configurations; ͑iii͒ although qualitatively similar to InGaN, the broadening of the bond lengths and cation-related splitting of the bonds have a much smaller magnitude in AlGaN alloy due to smaller lattice mismatch. 
